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Fermentation and PnitBcalion of Mycolactones 



[01 ] This application asserts priority to U.S . Provisional Application No. 
60/222,649 filed August 3, 2000 by invaitors Peter Licari, Robert Aislanian, Lawrence 
Cadapan and Jobn Carney entitled FERMENTATION AND PURIFICATION OF 
5 MYCOIACTONESwMch is incoipoiated herein by refamc^ 

Field of the Invention 

[02] The present invention provides methods for preparing mycolactones by 
fermentation and novel mycolactone conq)omids usefiil in the treatmeDt of disease 
conditions. The invention relates to the fields of ch«nistiy, molecular biology, animal and 
10 ■ human health scieaces, and medicine. 

B»c^g];omL of jjgventLon 

[03] Mycobacterium ulcerans caiKes a severe skin disease, Bnruli ulcer, which is 
characterized by extensive necrosis in the abs«nce of an acute inflammatory response. The 
causative agent of the disease was first identified as a diOiisible toxic agent (see Read et cd., 

15 June 1974, Cytotoxic activity of Mycobacterium idcerans, ItifeOion & hnmun. 9{€): 11 14- 
1 122, incoxponited hexein by tdfemuse). Further analysis identified liiat the agent is a 
polykstide (see Georgp et a/., S Feb. 1999, Mycolactone: A polyketide toxin firom 
Afycobacterium tdc&vns required fas virulence. Science 283: 854-857, incorporated hexein 
by reference). Recently, the complete structural detomii^on of two structurally related 

20 agents, called mycolactones A and B, has berai rqwrted (see Gimawardana et aL, 1999, 
Characterization of novel macrolide toxins, mycolactones A and B, fi^om a human 
pathogen, Mycobmteriwn ulcerans, JACSI2J: 6092-6093, incorporated herein by 
reference). 

[04] The cytotoxic nature of the mycolactones, as well as their abihty to suppress 
25 the immune response^ indicates that the compounds have fher^eutic potential as anti- 
cancer agents and imnnmosuppFBsaants (see the referances cited snpra and Pimsler et aL, 
Mar. 1988, Immunosuppressive |»raperties of the soluble toxin fimn Mycobact&ium 
ulcerans, J. Infect. Dis. 157(3): 577-580, incorporated herein by re&ience). However, 
despite extensive efforts to develop fennentation conditions suitable for large-scale growth 
30 of Mycobacterium ulcerans and related organisms such as M. bovis (see e.g. Mve-Obiang 
et al, 1999, Growth aaid cytotoxic activity hy Mycobacterium ulc&xais in protein-free 
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media, FEMS Microbiol Lett. 181'. 153-157; Nyabenda et ed., 1988. The prodoctian of 
mycobacterial antigens by homogeneotis culture in a fenmeotor, J. Biol Standard. 16: 259- 
267; Palomino & Portasls, Feb. 1998, EfEects of deoontaodiiation methods and culture 
conditions on viability of Mycobacterhtm ulcerans in the BACTEC system, /. Clin. 

5 Microbiol. 35(2): 402-408; and Palomino et al, Nov. 1998, Effect of oxygen on growth of 
Mycobacterium tJcer/wts in the BACTEC system, J. Clin. Microbiol. 36(11): 3420-3422, 
each of which is incoiporated herein by reference), cultivation of the organism remains 
difficult, limiting the avaibbility of the compounds ft«r testing and clinical trials, 

[05] There remains a need for fermentation processes by which large scale 

10 cultures of Mycobacterinm ulcerans can be obtained and ftom which usefiil quantities of 
mycolaotones could be prepared. Hie present invention meets that need and provides as 
well, as one important benefit, novel naturally produced mycolaotones in purified firan that 
were heretofore undiscovered due to the lack of suitable Saocmentation processes. 

^rnimsBTv nf the TnventiaD 

15 [06] In a first embodmient, Has present invention provides methods jfor the 

production of mycolaotones by ffermentation. The methods are readily scalable and can be 
used to produce the mycolactones in amounts sufficient for clinical trials and 
commercialization. The methods enable the cultivation of Mycobacterium tdcerans in. a 
dispersed suspension culture (e.g., fermentation or spinner flasks) and the production of the 

20 mycolaotones at concentrations greater than timt observed in T flasks. 

[07] In a second embodiment, the present invention provides improved media 
formulatians 1hat allow scale-xq) of culture fox the production of mycolactones and 
improve the production of mycolactone fiom Mycobacterium ulcerans. 

[08] In a third enibodiment, the present imrentim also provides a robust and 

25 scalrf)le method for tlie purification ofmycolactones based on extraction a^ 
chromatography. 

[09] In a fourth embodiment the present invention provides novel mycolactone 

compounds isolatable firom Mycobacterium ulcerans in purified fonn 

[10] These and other embodimaits, modes, and aspects of the mvionlion are 
30 described in more detail in the following brief description of the figure, detailed description 
of the invention, the examples^ and claims set fiirfh below. 
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Brief Description of the Figures 
[1 1] Figure 1 shows an HPLC chromatogram (top) and diode array spectra 
(bottom) of the solid phase extraction product of mycolactones prepared and purified in 
accotdance with tiie mefliods of the inventioiL The HPLC chromatogram shows three 
5 distinct peak regions labelled F2 (fraction 2), F3 (fraction 3). and F4 (fraction 4). There are 
similar peak profiles wiflrin each region with respect to relative peak intensities, retention 
times, and diode array spectra. Ftaction 3 contains mycolactones A and B, Fraction 2 
contains a mixture of dehydrated mycolactones, tesrmed myoolactone D. Fraotion 4 contains 
a group of isomers wifli one less oxygen than mycolactones A and B, temied 
10 mycolactone C. 

[12] Figure 2 depicts an acid fast stairdng of a spinner flask culture. 
[13] Figure 3a-b are comparisons of sixains adapted and not adapted to 
suspension culture. Spinner flasks (100 mL) were inoculated with a culture from a spinnw 
flask ( • ) or stationary T-flask ( ■ ). (A) Glucose concentration (g/L) and (B) mycolactone 
15 trtets (mg/L) are plotted as a fimclion of time post inoculation. 

[14] Figures 4a-b are olwervatioDS of new mycolactone congeaaers. Spinner flask 
cultures in (Figure 4a) M7H9/OADC or (Figure 4b) M7H9/OADC containing 2% egg yolk 
were analyzed 20 days after inoculation by LC-MS. Shown are the dution profiles at 
360 mn. The indicated re^ons were purified and oonoentiated for mass spectral analysis 
20 and the predominant mass is given. 

[15] Figure 5 depicts mycolactone production in stirred-tank fennenters. Shown 
are data for a 10 L working volume of M7H9/OADC (A) and a 150 L working volume of 
M7H9/OADC plus 2% egg yolk (B). Ghicose concentration (g/L) ( • ) and mycolactone 
titer (mg/L) ( ■ ) are shown as a fimction of days post-inoculation for both fermentations. 
25 Dry cell wei^ (g/L) (O) is shown only for the 10 L feanentation; egg yolk interfered with 
this measurement in the 150 L fermentatioEu 

Detailed DescrioaQii of the Invention 

■ [16] ih'a first eoibodimeiiit the iiresa^ 

production of mycolactones by fetmentedon. The methods are readily scalable and can bJe 
30 used to produce the mycolactones in amounis suflBicient for dtnical trials and 

commercialization. The mdhods raable the cultivation of Afycobacterium ulcerans in a 
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dispersed suspension cultnrB (B.g., fermentalioii or spinmer flasks) and the production of the 
mycolactones at conceaatrations greatear than that observed in T fiaslss. 

[ 1 7] Prior to the present invention, Mycobacterium ulcerans was grown in 
stationary T-flasks to produce mycolactone; attempts to cultivate the organism in 
5 suspension culture were unsuccessful. Using flie methods of the present invention, one can 
grow the cells in a disposed suspension cultuxe (e.g. fermentation or spinner flasks) and 
produce mycolactone in concentrations greater than that observed in T flasiks. This allows 
for scale-iq) of cultures &st the production of mycolactones in oommeroially relevant 
quantities. 

10 [18] In a second embodiment, the present invention provides improved media 

formnlations that allow scale-up of cultures fbr the production of mycolactones and 
improve the production of mycolactone fix>m Mycobacterium ulcerans. The improved . 
media formulations increase the amount of mycolactones produced in the culture, again 
facilitating the production of mycolactones in commercially relevant quantities. 

15 [19] In a third embodiment, the present invention also provides a robust and 

scalable method for the purification of mycolactones based on extraction and 
" chromatogr^y. Prior to the presart invention, mycolactone was purified by TLC. While 
one can obtain snfGicieat amounts of mycolactone using TLC-b£^ed purification to 
determine its structure and conduct limited in vitro and ex vivo testing, such methods are 

20 not practical for the production of mycolactones in amounts required foir pre-clinical in vivo 
testing and for clinical trials. 

[20] In a fourth embodimait the present invention provides novel mycolactone 
compounds isolatable &om Mycobacterium ulcerans in, purified form. The unproved 
fermentation methods and media formulations as weU as the improved purification methods 

25 of the invention have enabled the detection, isolation, and purification of novel 

mycolactone compounds produced in M. ulcerans tiiat have previously not been detected. 
Two such novel compounds are described below. Bdh are produced at lower Icfvels than 
mycolactones A and B, and one of the novel compounds^ desigoated mycolactone C, is 
produced at ii significadiy Mgher ievd than the oli^ 

30 [21] Mycolactone C has a molecular mass 16 daltons lower than mycolactone A 

and B, indicating the loss of an oxygen atom relative to tiie known compounds. Initial 
characterization of mycolactone C indicates that the absent oxygen atom is from the fetty 
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add like portion of mycolactone A and B. Initial charactenzation of mycolactone D 
indicates Ihat these compounds are debydration products of mycolactones A and B. 

[22] Thus the novel methods of the invention for tibie production and purification 
of tibie mycolactones have enabled not only the production of mycolactones A and B in 

5 quantities suitable for testing but also I3ie identification of previously unidentified 
mycolactones C and D. 

[23] The compounds of Ihe invaotion can be readily formulated to provide the 
phannaceufical compositions of tiie inveaition. The phannaceutical cocnpositions of the 
invention can be used in the fbim of a pharmaceutical prepaiation, for example, in solid, 

10 semisolid, or liquid fbnn. This preparation will contain one or more of the compounds of 
the invention as an active ingredient in admixture with an organic or inorganic carrier or 
excipient suitable for external, enteral, or parenteral application. The active ingredient may 
be compounded, for example, with the usual noortoxic, pharmaceutically acceptable 
canieis for tablets, pellets, c^sules, suppositories, pessaries, solutions, enmlsions, 

1 5 su^ensions, and any other fonn suitable for use. 

[24] The carriers which can be used include water, glucose, lactose, gum acacia, 
gelatin, manmtol, starch paste, magnesium trisilicate, talc, com starch, keratin, colloidal 
silica, potato starc^i, urea, and other canieis suitable &t use in manufacturing preparations, 
in solid, semi-soUd, or liquified form. In addition, auxiliary stabilizing, thickening, and 

20 cobring agents and perfiunes may be used. For example;, the compounds of Ihe invention 
may be utilized with hydroxypropyl methylcellulose esseaxtially as described in U.S. Patent 
No. 4,916,138, incorporated herein by refereoce^ or with a surfactant essentially as 
described in EPO patent publication No. 428,169, incorporated herein by reference. 

[25] Oral dosage fiMms may be prepared essentially as described by Hondo et al. , 

25 1 987, lyansplantation Proceedings XIX, Supp. 6: 1 7-22, incorporated herein by reference. 
Dosage forms for external application may be prepared essentially as described in EP Pub. 
No. 423,714, incorporated herein by referraice. The active compound is included in the 
phaimacoitical composition in an amount sufQcient to produce the desired effect upon llie 
disease process or condition. 

30 [26] For the treatment of conditions and diseases caused by mfection, immune 

system disorder (or to suppress immune function), or cancer, a compound of the invention 
may be administered oralty, topically, parenterally, by inhalation spray, or rectally in 
dosage unit formulations containing conventional non~toxic pharmaceutically acceptable 
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canieis, adjuvant, and vehicles. Hie texm parenteral, as used herein, includes subcutaneous 
injections, and intravenous, tntiathecal, intramuscular, and intcastemal injection or infusion 

techniques. 

[27] Dosage levels of the compounds of the present inveotioa are of the order 
5 from about 0.0 1 mg to about 1 GO mg per kilogram of body wei^t per day, preferably from 
about 0.1 mg to about 50 mg per kilogram of body weight per day. The dosage levels are 
usefiil in the treatmrait of the above-indicated conditions (from about 0.7 mg to about 3.5 
mg perpatiesnt per day, assuming a 70 kg patient). In addition, the compounds of the 
present invention may be admin^tered on an inteamitteait basis, i.6., at semi-weekly, ' 

10 weekly, semi-monlhly, or monthly intervals. 

[28] The amount of active ingredient that nuty be combined with the earner 
niaterials to produce a single dosage fbrai wiU vary dqtoiding iQ) 
particular mode of adnunistFation. For example^ a formulation intooded for oral 
administration to humans may contain from 0.5 mg to 5 gm of active agent compounded 

1 5 with an appropriate and convenient amount of canier material, which may vary from about 
5 percent to about 95 percent of the total composition. Dosage unit forms will generally 
contain from about 0.5 mg to about 500 mg of active ingredient. For external 
admmistration, Hus compounds of the inventioa may be formulated within the range o^ for 
eacan^le, 0.00001% to 60% by wei^ preferably from 0.001% to 10% by wei^ and 

20 most preferably from about 0;005% to 0.8% by weight 

[29] It will be underatood, however, that the specifk} dose level for any particular 
patient will depend on a variety of factors. These £actors include the activity of the specific 
compound ^ployed; the age, body wei^t, general health, sex, and diet of the subject tiie 
time and route of administration and the rate of excretion of the drug; whether a drug 

25 combination is employed in the treatment and the severity of the particular disease or 
condition for which therapy is sought. 

[30] In another embodiment, the presrait invention provides a method of treating 
cancer, which method comprises administering a 1herap«itically effective amount of a 
novel epolhildne c6rii{>bund of the invisntion! " 

30 [31] The following examples are given for the purpose of illustrating the present 

invention and shall not be construed as being a lunitation on the scope of the invention or 
claims. 
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Examp le 1 

Prodttction of Mvcolactones bv Fetmentatjon 

A. Production in Plates 

[32] A primary plate is prepared as follows. A 2 mL culture of Mycobacterium 
5 ulcercms (161 SWT, from NH, but any mycolactone ptodocing Myeobact&ium species 
can be employed in accordance with the methods of the invention) is spread eveaily on. a 
150 X 1 5 mm M7H9 agar plate using a steiile ^ader. The plate is incubated at 30**C fbor 
4-8 weeks or when significant growth (yellow, waxy colonies) appears on the plate. 
Secondary plates can be made by streaking colonies fiom the primary plate or fiom Uquid 
10 culture. 

B. ProdnctionmT-Flasks 

[33] A primary T-fLask is prepared as follows. About 10 mL of M7H9 liquid 
medium is poured onto tiie surface of a plate (see above) containing hfycobacteritm 
ulcercms colonies. A sterile spreader is used to loosen the colonies from the agar, and a 

1 5 sterile serological pipette is then used to transfer the loose colonies onto a 600 mL T-triple 
flask contaiiiing 300 ml of M7H9 medium. The T-flask is tiien incubated at SO^C for 
4-8 weeks or until aigoificant growth (yellow, clumpy cells) is observed. In a typical 
experiment, the amount of mycolactoneg lecovsred fiom 1 .8L of broth using M7H9 
medium was 3 mg, and the fqiproximate titer was 3 mg/l .8 L or 1 .7 mg/L. 

20 [34] Secomdaiy or succe^ve T-£lasks can be made using culture j&om the 

primary T-flask or otha T-flasks by the addition of 100 mL of culture to 200 mL of M7H9 
medium. 

C. Production in .Sptnr»B- THas^ p 

[35] M7H9 medium is added to a spinner flask at a desired volume and 
23 inoculated wi& Uquid culture ftcm T-fasks at a 10% inoculum volume. The spinner flask 
. . is placed in a 30"Cwann.room on a magjieticstinmg plate and stirred a^ 

result in adequate mixing to keep cellular clumps in suspeaision. The spttmer flask is 
incubated for 4-8 weeks or until mycolactone concentration detected in the broth reaches a 
plateau. 

30 [36] A variety of e7q)erimental parameters have been tested, including: 

80-100 mL total volume m a 100 mL spinner flask (Bellco) agitated at 300-400 rpm; 
7 
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175-210 mL total volume in a 250 mL spinas flask (Bellco) agitated at 200-300 rpm; 
300-350 mL total volmne in a 500 mL spimier flask (Bellco) agitated at 150-250 ipm; 6.7 L 
total volume in a 15 L spinner flask (Bellco) agitated at 100-150 rpm; and 10 L total 
volume in a 15 L spinner flask (Coming) agitated at 50-100 rpm. The amount of 
5 mycolactones recovered fiom 6 L of broth from a 1 5L spinner flask using M7H9 medium 
with 2% egg yolk emichmeart was 28 mg, yielding an approximate titer of 28 mg/6 L or 
4.7 mg/L. Optical density (OD.) was used to monitor cell density and growth of the 
bacterial culture using a spectrophotometer at a waveksLgUi of 600 nm. 

D. Production in Fermentor 

10 [37] M7H9 medium is added to a fermentor at a desired volume and inoculated 

widi liquid culture from T-flasks or spinner flasks at a 10% inoculum volume. The culture . 
is maintained at the follorwingpaismeteis for lloe duration +/- 0.1, 

temperature = 30 +/- O.l^C, dissolved oxygen ■= 50% +/- 20%, airflow = <1 LPM, agitation 
= 500 +/- 200 rpm. The pH is conHolled via addition of add (2.5N H2SO4) and base (2.5N 

1 5 NaOH). The duration of the fermentor run is for 4-8 weeks or until mycolactone 
concentration detected in the broth reaches a plateau. The amount of mycolactones 
recovered from 8.5 L of broth from a 1 0 L fennentor (B. Braun Biostat B) was 30 mg, 
yielding an approximate titer of 3.5 mg/L. Dry cell weight (DCW) was used to monitor the 
cell density and growth of the bacterial culture. 

20 [38] The DCW procedure is as follows. 

. 1) Place 40 mLofweU-niixed broth in a 50 niL corneal Moon tutoe (tared). 

2) Spin down at 3300 gin a ceoMfiige for 10 minutes. 

3) Decant supernatant. 

4) Add40mLofwatertopeUetandresuspendby8hakingorvortecdng. 
25 5) Spin down ^ain at 3300 gin a coMfuge for another 10 ni^^ 

6) Place tube in an 80°C oven for >24 hours and re-weigh. 

7) Calculate DCW, by: [(Dried Peflet + Tube) - (Tare of Tube)] / 40 mL 

In one fermentor ei^eiiment, the maximumDCW achieved was -1.4 g/L 
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TtvamplR 1 

M>>colactone LCVMg A^y^' 

[39] For aoalysis of mycolactone by LC/MS, add 1 mL of meflianol to 1 mL of 
bioth in a 1 .5 mL eppendorf tube. Spin the san^le using a microcentcifuge set at 1 3,000 
5 ipm for 5 minutes. Remove the MeOH extract, and filter it through a 0.4S synage filter 
if necessary (if extract is cloudy and contains particulates), and place the extract into a 
sample vial for LC/MS analysis. 

Exanaple3 
Um9^\ <>mycol>acterium ulqmm 

10 [40] To harvest tiiecidture, measure the voliime of culture hrolli and to it add an 

equal volume of MeOH. Let the solution mix for 20-30 min. Sqparate the solids fiom the 
extract by either pouring broth into centrifuge bottles and centrifoging for 30 min. at 10,800 
g or by using a deptii filter. Hie extract is then ready for purificatioii. 

Example 4 

15 Medium PieparatiTO 

M7H9 Medium 



Component 


Concentration (g/L) 






Ammoniuni Sulfate 


0.5 


Monqpotassium Phosphate 


1.0 


Disodium Phosphate 


2.5 


Sodium Citrate 


0.1 


Magnesium Sulfate 


0.05 


Calcium Chloride 


0.0005 


ZincSulfete - - 


0.001 


Copper Sulfate 


0.001 


L-Olutamic Acid 


0.5 


Ferric Ammoniuin Citrate 


0.04 


Pyiidoxine 


0.001 
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Biotin 


0.0005 


Glycerol 


2ml/L 



[41] To prepare the M7H9 mediimi, combme the M7H9 medium coniponaits in 
900 mL of water, sterilize by autoclaving at 121*'C for 30 mim., cool to room temperature, 
and add 100 mL of OADC emichmfiDt M7H9 medium caa be obtained in a pre-formulated 
5 powder form (Difco) to which 4.7 g of the powder is added to 900 mL of water with the 
addition of 2 mL of glyceEFol. Hie medium is sterilized as described, and 100 mL of OADC 
enrichmfint is added. Autoclave time increases as the volume of the medium increases (i.e., 
autoclave time for 10 L medium in a spinner flask is 120 min.). 
OADC Enrichment 



Component 


Concentration (gfH) 


Oleic Acid 


0.5 


Albumin Fraction V, Bovine 


50.0 


Dextrose 


20.0 


Catalase (BeeQ 


0.04 


Sodium Chloride 


8.5 



10 

[42] To prepare OADC rairichment, combine the above compomenfs in water and 
toing the volume to 1 L. Sterilize the mixture with a st^le filter housing with a 0.2 |mi 
nylon membrane. OADC enridiment can also be obtained in pie-fomiulated liquid form 
(BBL). 

15 [43] For M7H9 agar (used in plates), 15 g/L of Bacto agar is added to M7H9 

before autoclaving. The medium is liien autoclaved as described above and allowed to cool 
to 50-S5*'C, at which time 100 mL of OADC are added. The medium is poured onto 150 x 
15 mm plates he&se it solidifies. 

[44] The pxesentinventico also provides new inediafonnuktionstha^ 

20 growth rate and production of Ifae myoolactooBB. One such unproved formulation is 
prepared by doubling Hie conceotratian of M7H9 con]|>onents, including OADC 
enrichment. Another formulation involves the addition of 50% egg yolk enrichment 
(Difco), which comes in liquid form, to M7H9 medium as a post-sterile addition at a 
concentration of 20 ml/L or 2%. 
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feampleS 
Purificatiaa of Mvcolactanes 

[45] Mycolactones A aod B were isolated as an isometic mixtuie (28 mg) from 6. 
L oZMycohacteritm ulcerans cultore broth. Two new compoiinds, also as isomeiic 
5 mixtuies, were also isolated. HPLC (diode array) and LOMS data indicate that the more 
abundaat of ttie two new compounds, designated mycolactone C, is a desoxymypolactone, 
while the minor conq)onent is a mycolactone dehydration product. 

[46] Whole broth (6 L) was mixed with an equal amount 1 00% methanol (Fisher 
bulk). The mixture was centrifiiged (1500 x g, 5 minutes) and the centrate loaded onto a 

10 HP20 (Mitsubishi with SPE resin) capture column (4.8 x 25 cm). The column was duted . 
with 3 L of 100% methanol, which was evaporated to dryness. The resulting solids were 
extracted twice with 100 mL of 100% methanol. Following filtration the filtrates were 
combined and ev^orated, giving 1.16 g of a daork oil. The oil was dissolved in 20 mL of 
100% methanol to which 20 mL of dedonized water were added. The resulting snspension 

15 was chiomatographed Qaalx25cniC18 (Bakerbond, 40 ^m C18 lesin) chromatogFaphy 
column previously equilibrated with 50% methanol in water. Column elution was caxiied 
out in a step gradient fashion starting witii 80%, then 90%, and finally 100% methanol. 
Five fractions were collected. Fraction changes were xnade with the aid of on-line UV 
monitoring at 360 mn. Fractions were evaporated aod re-dissolved in 10 mL of acetone, 

20 filtered and dried. ' 

[47] HPLC data of the solid phase extraction product showed three distinct peak 
regions (see Figm» 1). Examination revealed similar peak profiles within each region with 
respect to relative peak intensities, retention times, and diode array spectra. CIS coluihn 
. chromatogr^hy was used to separate the three regions into three fractions. Fraction 3 (28 

25 . m^ contained mycolactones A and 6. Mass spectra data on fraction 2 mdicated a mixture 
of dehydrated mycolactones, while data for fiaction 4 indicated a group of isomers with 
one less oxygen than mycolactones A and B. 

30 [48] The structure of mycolactone B is shown below. 
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Myoolactone B 

I C44H7oOg 

Calculated Exact Mass: 742.50 
Mol. Wt.: 743.02 



[49] In auotlieir exaimple, mycolactones A and B were isolated as an isomeric 
mixture (32 mg) ftom 10.3 L of Mycobacterium ulceram broth. HPLC (UV 360 nm) data 
5 showed a complex mixture of peaks CQijespozidmg to myrolac^ 

othea: minor isomexs. Compoimd identification was made on the basis of HPLC (diode 
array), LCVMS, and MMR data obtained on a mycolactone A and B mixture. ladividual 
mycolactones were isolated as endcbed isomeric factions using semi-prepaiative HPLC. 
When samples were shielded from laboratory ligjbt, the individual mycolactones were 
1 0 stable. Samples exposed to laboratory lighting showed substantial isomenzation after 
52 hours. 

[50] Whole broth (1 .8 L) was mixed with an equal amount 100% methanol 
(Fisher ACS grade). The mixture was allowed to settle for 30 minutes. The mixture was 
decanted and the lesultmg solution loaded onto a solid phase extradian column (4.8 x 
IS 25 cm) containing HF20 (Mitsubishi HP20 SPB resin) pEreviously egnilibrated with 50% 
methanol in water. Loading of the extract was carried out at 100 mL/minute. The column 
was eluted with 3 L of 100% methanol in water. The first 250 mL were discarded while the 
remainder of tiie eluaut was collected as a single fraction The solid phase extraction 
. .. product pool (2.5 L) was evaporated to dryness using a Buchi R153 (20 L, 40''C) rotary 
20 evaporator ("rotovap"). This gave a red glass, which was extracted with 1 00 mL of 100% 
methanol in water, filtered through Whatman #4 filter paper, and ev^orated to dryness 
(vacuum oven, 10 mbar, 40°C). The dry material (280 mg) was dissolved in 50 mL of 
100% methanol to which 50 mL of water were added. The suspension was loaded onto a 1 
X 25 cm CIS (Bakerbond CIS resin, 40 fig) chromatography column previously 
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equilibrated with 50% methanol in water. Loading and elation flow rate was 4 mL/minute. . 
The coluimi was ehited with 120 mL of 80% methanol in water followed by 120 mL of 
90% methanol in water. A total of 24 x 10 raL jfractions were collected with tactions 12-16 
being combined and taken as the best pool, Evapoiation gave 11 mg of a yellow oiL This 
5 material was triturated with 2 mL of acetone, filtered Hirough a 0.25 um filter, and 
evaporated to give 3 mig of a yellow oil. 

[51] fii anofhcar ejcample, whole broth (8.5 L) was mixed with an equal amomit of 
100% methanol. Itie mixture was centrifiiged (30 minutes at 10,800 x g), decanted, and the 
Toting extract loaded onto a solid phase extraction cjolrami (4.8 x 25 cm) containing 
10 HP20 previously equiHbisted with. 50% methanol in water. Loading of th^ 

carried out at 100 mDminute. The column was eluted as one fiaction with 5 L of 100% 
methanol. The mettianol eluant was evaporated to dryness using a 20 L Buchi rotovap, and 
the resulting solids were extracted with 100 mL of 100% methanol, vacuum filtered 
through Whatman # 4 filter p^er, and evaporated using a R124 Buchi rotovap (2 L, 40''C). 
15 The oil was dissolved in 50 mL of 100% methanol and diluted witii 50 mL of water to form 
a suspension, which was loaded onto a pre-equiHbrated 1 x 25 cm CIS chromatography 
column. The column was eluted with 240 mL (12 column volmnes) of 85% methanol. A 
total of 24 X 10 mL fractions were collected and assayed by HPLC. fractions 10-16 were 
combined and ev4q)orated usmg a R124 Buchi rotovap to give 42 mg of a yellow oil. The 
20 oil was triturated with dichloromethane> filtered through glass wool and dried to give 36 
mg of a yellow oily material. This material was triturated with 10 ml of acetone, filtered 
through a small plug of glass wool, and evaporated using a R124 Buchi rotovap. This gave 
30 mg of a yellow oil. Mycolactone mixtures, each containmgmyoolactone A and B, were 
combined to give a 33 mg of a yellow oil. 
25 [52] The individual components ofthe mycolactone mixture were separated 

iiRiTig semi-preparative HPLC, The column used was an Inertsil 0DS3 5 ^m (1 x 25 cm) 
semi-preparative HPLC column. A gradient HPLC mdhod starting with 65:35 acetonitrile 
in water and ending with 100% acetonitrile was used over a rtm time of 16 minutes. Four 
lOO fiL injections were used. 16 mg of matetfel were iised as starting inaterial. For each 
30 run, three fractions were collected. Fraction changes were based on on-line monitoring at 
400 nm. 

[53] In another exanq)le, an aoriched fi:action (33 mg) containii^ mycolactone A 
and B isomers was isolated firara a total of 10.3 L of whole broth. HPLC diode array data of 
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fbe etoriched faction showed a complex xnixture of peaks all ccmtauung a piimary UV 
maximimi at 360 nm and a second maximum at 260 mn. The strong absoibance at 360 nm 
was diagnostic for the mycolactones and allowed for tracking of the varions isomers. HPLC 
(diode array), along with IC/MS and MMR data confbrmed the presence of mycolactones A 
5 and B in this mixture. Semi-preparative HPLC was carried out on 1 6 mg of the isomeric 
mixture and yielded 2 substantially ^niched isomeric factions. The enriched samples were 
shielded fiom laboratory light. Evaporation of pools B and D gave 2 and 4 mg of yellow 
oils. 

[54] To monitor stability of the mdividualeraichedisamieis^ 
10 collected on samples stored in the presence and absence of laboratory Hght. Measurement 
were made on samples stored in methanol at 23''C. Initial HPLC sampling was carried out 
on individual isomers shielded to minimize exposure to lalxxratory light. Hiese same 
samples were allowed to remain in the aotosampler, shielded from light, fixr 72 hours . 
before additional HPLC data was collected. Following this, the samples were stored on a 
15 lab bench exposed to laboratory li^t for 52 hours, at which time tiie final HPLC data time 
point was collected. Under these conditions, samples that were shielded firom light 
remained stable, showing no change in tbdr respective HPLC cbromatDgrams. However 
samples exposed to light for 52 hours showed substantial isomerization. 

RYamnle 6 

20 Prodaction of Mycolactones 

[55] Like ofber pathogenic Mycobacteria, M idcerms grows slowly, with a 
doubling time of 1-2 days, and the cells form aggregates in liquid media. Cultivation of M. 
tdcercms for 4-6 we^ks in stationary T-flasks containing M7H9/OADC medium yields a 
final dry cell wei^ of ca. 1.4 g/1, and myoolactone titeas of 4-6 mg/L (George, ELM., 
25 et aL, Sci. (1999) 283:854-857), a cumbeisome process fiir producing the cmipomid. Here 
we descxibe the adtq)tati(m of M ulcerans to suspeo^don cuttuie in spinner flasiks and 
development of a scalable process for producing mycolactones in larger quantities. A fed- 
batch fermentation process was inqilemented up to the 150 L scale and several new 
mycolactone congeners were identified. ' 
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Matbriai^ Ajro Methods 

[56] Strain and Media. Mycobacterium ulcerans, strain 1615 (Tradeau 
Collection Strain, Lake Saranac, NY) was obtained from Dr. Pam Small. Hie culture was 
initially grown on M7H9/OADC agar plates at 30°C for 4-8 weeks (imtil yeUow colonies 

5 were well fbnned). Cultoes in M7H9/OADC medium wra:e brought to 1 5% glycefrol and 
sanrples were stored at -80°C to provide a coiisistent source of inocula. 

[57] Difco M7H9 powder (4.7 g) was dissolved in 900 mL deicmized water 
contaimng2mIAglyceK>laiKistedl^edbyantockvingatl2rCfor30n^ After 
autoclaving, the medium was cooled to room temperature before OADC ouichment (oleic 

10 acid, albumin, dextrose, and catalase, pre-formulated from Difco) was added to a 

concentration of 100 mL/L of medium. To prepare plates, 15 g/L agar was added to the 
M7H9 basal medium before autoclaving and plates were poured immediately after adding 
OADC enrichment to the medium at SO'C. In sane experiments liquid egg yolk 
emichment (Difco) was added to a final conceaitration of 20 mL/L (Palomino, J.C., et aL, 

is {J. Clin. Microbiol (1998) 36:402-408). 

[58] T-Blask cnltivBtiou. To a plate containing Mu/cenwcoloiiies 
M7H9/OADC medium (10 mL) was added and a stedle spreader was used to detach Hie 
cells. Hie suspended cells were trans&ai^d into a 600 ml T- flask (triple layer. None) 
containing 300 mL of M7H9/OADC medium and the flask was incubated at 30°C for 4-8 

20 weeks (xmtil significant growfii was observed). Cultuieswereexpandedby adding 100 toL 
of culture to 200 mL of fresh M7H9/OADC medium. 

[59] Growth in spinner flasks. A q>inner flask containing the desired volume 
of M7H9/OADC medium was inoculated witih a 10% volume of liquid culture and 
incubated at 30*0 for 4-8 weeks, or until mycolactone production ceased. Conditions 

25 depended on the spimier flask used (Bellco 100 ml spimietr: 80^100 ml working volume^ 
300-400 rpm; Bellco 250 ml spiraiBn 175-210 ml working volume^ 200-300 rpm; BeUco 
500 ml spinner 300-350 ml working volume, 150-250 rpm; Bellco 15 L spiimer: 6.7 L 
working volume 100-150 rpan; Coining 15 L spinner: 10 L working volume, 50-100 ipm.). 
[60] Growth in stirred-tank fermenters. M7H9/OADC medium, with or 

30 without 2% egg yolk, was used in fermentation studies. The following parameters were 
maintained: pH 6.5±0.1; 30°C ± 0.1°C; 50% ± 20% dissolved oxygen; airflow < 1 LPM; 
500 ± 200 rpm agitation. The pH was controlled by adding 2.5N H2SO4 or 2.5N NaOH. 
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Fecmentation continued for 4-8 weeks imtil mycolactone production had ceased. The 
glucose concentration in culture sainples was measured using a YSI ghicose analyzer. 

[61] Analysis of mycolactones. Whole culture broth samples were prepared for 
analj^is by adding an equal volume of meflianol andremoving insoluble material by 
5 centrifiiging at 12,000 g. Mycolactones were resolved and quantitated using a Hewlett 
Packard 1090 HPLC with UV detection at 360 mn. Supernatant (250 jil) was injected and 
the mycokctoiies captured on a 4.6 x 10 mm columu (hiertsil, CIS ODS-3, 5 nm). After 
washing with 50% acetooitdle for 2 minutes the mycolactones were ehited and resolved on 
a 4.6 X 150 mm column (tnertsil, C18 ODS-3, 5 jwn) with a 24 minute gradient fiom 50% 

10 to 100% ac^xmitrile. In some cases^ mycolactones were analyzed using a system 

comprised of a Beckman.Syst^ Gold HPLC, an Alltech ELSD detector, and a PE SCIEX 
AFIIOOLC MS-based detector equipped with an atmosphmc pressure chemical ionization 
source. Fractions of inteaiest were analyzed on a Applied Biosystons Mameo: time-of- 
flig^t mass spectrometer with a turbo ion-spray source. 

15 [62] Other microbiological methods. Dry cell weight was determined by 

centrifiiging a 40 vaL sample of culture for 10 miautes at 3300 g in a pre-weighed 50 mL 
centrifuge tube, decanting the supernatant, washing the cell pellet with 40 mL water, drying 
in an SO'C oven, and weighing the pellet. Acid ^t staining was done with the Acid-Fast 
BactiStain kit fi:om Polysciences according the maauGactuier's instructions. 

20 Results and Discussion 

Adaptation of Ifae cells to growth in snspenBinn 

[63] For a scalable process, it was necessary to ad^t the cells to growth in 
suspension. T-flask cultures were used to inoculate M7H9/OADC medium in a variety of 
vessel configurations, including ba£Qed flasks, flasks fitted with stainless steel springs, and 

25 spinner flasks designed for growth ofsuspension-adapted animal cells. Because more 
dispersed growth of M idcerans has been reported with addition of Tween 80 
(Mve-Obiang, A,e^fl/.,i^EarfSAftTo Lett. (1999) 181:153-157; Power, D.A.,ef a/.. 
Am, Rev. Resp. Dis. (1965) 92:83-93), tds was also investigated. Ali the shake flask 
conditians tested, with or without Tween 80, gave severe aggregation of liie cells, poor 

30 growth, and negligible mycolactone production. Surprisingly, however, spmner flask 
cultures gave dispersed growth. Acid-fast staining and microscopic examination (Fig. 2) 
shows that the cultures were mostly individual rods with a few clumps consisting of only a 
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few cells. Such dispersed growth has not been r^rted pievionsly far any slow growing 

mycobacterial species. 

[64] To demonstrate that the cells had been adapted to dispeised growth, 

identical spinner flasks were inoculated with a 10% volrane of cukure from a T-flask and 
5 from a spinner flask. By comparing the rates of glucose consumption and mycolactone 

production in these cultures (Figure 3), it is clear that significant adaptation occurred during 

growth in fbs spinner flask. 

[65] Cell density was difficult to measure and an accurate growth rate could not 

be obtainei fiom the spumer flask cultures. Also, degradation of mycolactones was often 
10 observed at later time points, mdicating the importance of monitoring production closely to 

permit harvest at the maximum titer. Although low oxygen tension has been reported to 

enhance M. ulcerans growth (Palomino, J.C.. et aL. J. Oin. McrobioL (1998) 

36:3420-3422)» we did not observe any obvious enhancement in growlii by reducing ak 

flow. 

15 Detection of additional ro vcolactones 

[66] Mycolactones A and B are double bond isomes with the same mass 
(Gunawardana, G., et d.. J. Am. Chem. Soc. (1999) 121:6092-6093). Under our reverse- 
phase HPLC conditions, these isomers are resolved and elute in the 12.0-12.5 minute 
region (Fig, 4a). The order that A and B elute has not been established and another peak 

20 was observed between A and B which represents yet another mycolactone isomer by 
LCyMS analysis. Although the structure of this new isomer has not been determined, we 
presume it represents isomerization at a differait double bond. Addition of egg yolk to 
mycobacterial media has been reported to be braieficial (Palomino, J.C., et al, J, Clin. 
Microbiol (1998) 36:402-408) and we found this addition generally intsreased mycolactone 

25 titers. Moreover, new compOTinds with flie same UV spectrum as mycolactones A and B 
were readily observed which eluted from ftie cohram at significaatly different retention 
times (Fig. 4b). Material that eluted in the regions around 9.7 and 13.5 minutes was 
separately collected.and analyzed by mass spectrometry. The material ehiting around 13.5 
minutes gave a prominent IM+Na]+ at m/z 749.5 and a weak pseudo-molecular ion at m/z 

30 727.5, corresponding to a mycolactone congmer with one less oxygen atom. The material 
eluting around 9.7 minutes gave a prominent ion at m/z 747.5, which presuming it is also a 
sodium adduct, would correspond to mycolactones A and B with one less oxygen atom and 
two less hydrogen atcans. Althou^ these new mycolactone congeners could be detected 
17 
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when the strain was cultivated ia &e absence of egg yolk, its addition greatly fecUitated tiie 
analysis. The masses of these new mycolactone congenexs are consistent witii contpounds 
that could arise by different p-keto processing on a putative type I PKS. Hie difference of 
an oxygen atom could, alternatively, be due to a difiference in the extent of a putative 
5 hydroxylase reaction. The ratio of areas for each group of peaks eluting at the three regions 
are very similar (Pig. 4b), suggesting that the same equilibiium mixtore of double bond 
isomeans is reached for eadi oongenea:. Equilibration between mycolactones A and B was 
found to occur only when Hie samiile was exposed to ambient li^ (data not shown), which 
is consistent with double bond iscmerization. 

10 Scale-up to stirred-tank fennentars 

[67] Based on success with the spinner flasks, fermentations were also cairied 
outinstiiredtankfemientecs. Fig. Sa shows a fermentation in a 10 Lfetmenter using a 
400 mL inoculum (4%) from a spinner flask culture. In this fermentation there was a long 
lag period before glucose utitigafirm and mycolactoae production begaiL However, 

1 5 additional work in spinner flasks showed that larger inoculum volumes greatly reduced this 
lag period. Mycolactone production ceased at approximatdy the same time that glucose 
was depleted fixim the medium, suggesting that adding more glucose could be beneficial 

[68] Using data from the 10 L fermoitalion and several spinner flask 
experiments, M. idcerans cultivation was scaled 15) to a 150 L fermenter using 

20 M7H9/OADC supplemeaited with 1% egg yolk (Fig. 5b). A 10% inoculum was used to 
reduce the lag phase. The glucose cancentration decreased to <0.S g/L on day 17, at which 
point additional glucose was added to prevent carbon limitatioa Glucose continued to be 
consumed at a rapid rate until about day 26. The additional ghtcose may have caused the 
increase in mycolactone production. Since more than 2 g/L of glucose remained in the 

25 cdturewiien growth had ceased, another essential mibientinaybeconiel^^ Although 
we have developed a scalable process, mycolactone titers were essentially the same as 
observed in T-flasks. However, this process is amenable to further development that 
should lead to increased titers, 

Recovery of mycolactones from the culture 

30 [69] The distribution of mycolactomes between the solid and soluble fiactibns of 

culture brotii was analyzed in samples fi:om M7H9/OADC with or without added egg yolk. 
The distribution betweoa pellet and supernatant firactions was approximately equal with 
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M7H9/OADC alone, but addition of egg yoDc shifted ttie distribution such that over 95% of 
the mycolactones were in die pellet fiaction. Hiese data suggest that mycolactones are 
secreted from the cells, but remain associated with suspended lipids. Thus, in addition to 
enhancing titer, supplementation with egg yolk can simplLfy downstream processing. 
5 [70] The invention having now been described by way of written description and 

exainples, those of flHIl in the art will recognize tiiat the inv^tion can be practiced in a 
variety of onbodimenls and that Ihe fbxegoing description and examples are for purposes of 
illustration and not limitation of the following claims. 
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What is claimed is: 

1 . A method for the production of mycolactones, which method comprises 
cultivation of Mycobacterium idcerans in a dispersed suspeaisioa cnltnie by jfemeotation or 
in spitmer flasks. 

2. The method of Claim 1, ^iisrem the mycolactones are produced in 
concentrations greater than that observed in T flasks. 

3. The method ofClaimljWhexdn said cells are cnltivated in M7H9 medium 

4. The method of Claim 3, wherein said medium is enriched. 

5 . The method of Claim 4, wherein said medium is enriched by addition of egg 

yolk. 

6. A method for 1hepurifU»tion of mycolactones that comprises extracti 
media in which Afycobacterium ulcerans has been cultivated and chromatographic 
s^aratioQQ of said extract. 

7. Mycolactone C in substantially purified fonn. 



8. Mycolactone D in snbstantially purified form. 
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Figure 2 
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Figure Sb 



